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The two subunits of the asialoglycoprotein receptor contain
different sorting information
Abstract
The human asialoglycoprotein receptor, an endocytic transport receptor of the basolateral surface of
hepatocytes, is a hetero-oligomer of two homologous subunits H1 and H2. The cytoplasmic domain of
H1 has been shown previously to contain a tyrosine-based signal for endocytosis and basolateral sorting.
Here, we have investigated sorting determinants within subunit H2 and their contribution to the
targeting of the hetero-oligomeric receptor complex. Despite extensive sequence homology, H2
expressed separately in fibroblast cells was endocytosed poorly, and mutation of phenylalanine 5
(corresponding to the critical tyrosine in H1) did not further reduce internalization. Consistent with this
observation, ligand uptake by receptors composed of H1 lacking tyrosine 5 and H2 was inefficient. With
respect to polarized transport in Madin-Darby canine kidney cells, H2 could not be analyzed separately,
because in the absence of H1 subunit H2 was completely degraded intracellularly. Coexpression of both
subunits yielded ligand-binding receptors located specifically on the basolateral surface. The mutant
H1(5A) (tyrosine 5 replaced by alanine) is approximately 55% apical in the absence of H2. In cells
expressing H1(5A) together with H2, however, subunit H2 directed receptor complexes exclusively to
the basolateral domain. Phenylalanine 5 is not essential for basolateral transport. Thus, whereas the
endocytosis signal of the hetero-oligomeric asialoglycoprotein receptor resides exclusively in subunit
H1, polarized transport to the basolateral domain of Madin-Darby canine kidney cells may involve two
signals, only one of which is active for endocytosis.
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The Two Subunits of the  Asialoglycoprotein  Receptor  Contain 
Different  Sorting  Information* 
(Received  for publication, July 27, 1993, and in revised  form,  October 8, 1993) 
Christian  Fuhrer,  Iris  Geffen,  Katja  Huggel,  and  Martin  SpiessS 
From the Department of Biochemistry, Biozentrum.  University of Basel, Mingelbergstrasse 70, CH-4056 Basel, 
Switzerland 
The  human  asialoglycoprotein  receptor,  an  endocytic 
transport  receptor of the  basolateral  surface of hepato- 
cytes, is a  hetero-oligomer of two  homologous  subunits 
H1 and H2. The cytoplasmic domain of H1 has been 
shown  previously  to  contain  a  tyrosine-based  signal for 
endocytosis  and  basolateral  sorting.  Here,  we  have  in- 
vestigated  sorting  determinants  within  subunit H2 and 
their  contribution  to  the  targeting of the  hetero-oligo- 
meric  receptor  complex.  Despite  extensive  sequence  ho- 
mology, H2 expressed  separately in fibroblast  cells  was 
endocytosed poorly, and mutation of phenylalanine 5 
(corresponding  to  the  critical  tyrosine  in H1) did not 
further  reduce  internalization.  Consistent  with  this  ob- 
servation,  ligand  uptake by receptors  composed of H1 
lacking  tyrosine 5 and H2 was inefficient. With respect 
to polarized transport in Madin-Darby canine kidney 
cells, H2 could  not be analyzed  separately,  because  in 
the  absence of H1 subunit H2 was completely  degraded 
intracellularly.  Coexpression of both  subunits  yielded 
ligand-binding  receptors  located  specifically on the  ba- 
solateral surface. The mutant Hl(6A) (tyrosine 5 re- 
placed  by  alanine) is -55% apical in the  absence of H2. In 
cells expressing  Hl(5A)  together  with H 2 ,  however,  sub- 
unit H2 directed  receptor  complexes  exclusively to the 
basolateral  domain.  Phenylalanine 5 is not  essential for 
basolateral transport. Thus, whereas the endocytosis 
signal of the hetero-oligomeric asialoglycoprotein re- 
ceptor  resides  exclusively  in  subunit H1, polarized 
transport  to  the  basolateral  domain of Madin-Darby ca- 
nine  kidney  cells may  involve  two  signals,  only  one of 
which is active for endocytosis. 
The asialoglycoprotein  (ASGP)l  receptor is a well character- 
ized hepatic lectin  responsible for the  rapid clearance of desi- 
alylated  galactose-terminal glycoproteins from the circulation 
by endocytosis (Ashwell and Harford, 1982; Spiess, 1990). The 
receptor  consists of two homologous subunits,  termed  H1  and 
H2  in  the  human  system, which form a hetero-oligomeric com- 
plex. H1 is the major  component with two to four times as many 
copies per complex as H2. Both subunits are type I1 single- 
spanning  membrane  proteins  and  contain a functional calcium- 
dependent galactosdN-acetylgalactosamine recognition do- 
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main. However, when expressed separately, neither subunit 
can bind ligand  with  high affinity. Both subunits  have  to be 
expressed simultaneously to yield hetero-oligomeric receptor 
complexes capable of binding  ligand with high-affinity, i.e. with 
dissociation constants  in  the nanomolar range (McPhaul and 
Berg, 1986; Shia  and Lodish, 1989). Cross-linking studies  have 
shown that  the  three galactoses of a typical triantennary N- 
linked oligosaccharide are bound specifically by either  subunit 
1 or subunit 2 (Rice et al., 1990). I t  was proposed that  the minor 
nonidentical subunit 2 serves to introduce asymmetry  into  the 
arrangement of galactose binding sites and that this asymme- 
try is necessary for the  simultaneous recognition of the  termi- 
nal galactoses  (Lodish, 1991). 
The ASGP receptor is specifically sorted  to  the  basolateral 
cell surface domain where it is constitutively clustered into 
clathrin coated pits. Following internalization it is recycled 
from endosomes back to the cell surface. The hetero-oligomeric 
organization of the receptor raises  the question of whether  each 
subunit contains independent sorting signals and how such 
signals  contribute  to  the  sorting of the functional  receptor com- 
plex. By expression of subunit  H1  in  the absence of H2 in 
fibroblasts and polarized Madin-Darby canine kidney (MDCK) 
cells, H1  was shown to contain  determinants for intracellular 
transport.  H1  is endocytosed and recycled with kinetics  very 
similar  to those of the hetero-oligomeric receptor (Geffen et al., 
1989), and  in MDCK cells it is found exclusively on the baso- 
lateral surface domain (Wessels et al., 1989). The signal for 
efficient endocytosis of H1 involves tyrosine  5 in  the cytoplas- 
mic domain; mutation  to  alanine or deletion of the  surrounding 
residues 4-11 reduce the  internalization  rate by a  factor of 4 
(Fuhrer et al., 1991; Geffen et al., 1993). The same  mutations 
result  in a nonpolar surface  appearance of H1  in MDCK cells 
(Geffen et al., 1993). This  suggests  that  there is a correlation 
between sorting of proteins  into vesicles of the trans-Golgi des- 
tined for the basolateral surface and sorting into clathrin 
coated pits at the  plasma membrane. Such a  correlation has 
been described previously for influenza virus hemagglutinin, 
the immunoglobulin Fc-HI receptors, lysosomal glycoprotein 
lgp120, and  the  nerve growth  factor  receptor  (Brewer and Roth, 
1991, Hunziker et al., 1991, LeBivic et al., 1991). 
Subunit H2 is 58% identical to  H1  throughout most of the 
sequence. Four differently spliced forms of H2 mRNA have 
been found. These forms differ in  the presence or absence of an  
18-codon insertion  in  the cytoplasmic domain  andlor of a five- 
codon insertion at the exoplasmic end of the  transmembrane 
domain  (Spiess and Lodish, 1985; Paietta et al., 1992a). Both 
these  insertions  are  absent  in H1. When  expressed  alone, H2 
polypeptides with the short exoplasmic insertion are com- 
pletely retained  in  the endoplasmic reticulum and degraded 
(Lederkremer  and Lodish, 1991; Paietta et al., 1992b). In  the 
mature receptor the  predominant species of subunit  H2  is  the 
one containing only the 18-amino acid cytoplasmic insertion, as 
determined  using insert-specific antisera (Bischoff and Lodish, 
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1987; Bischoff et al., 1988; Paietta et al., 1992a). 
In view of the extensive sequence similarity between the 
two receptor subunits, particularly in  the region of the 
internalizationhasolateral sorting signal of H1, we investi- 
gated potential sorting signals in H2 as well as  the contribution 
of this  subunit to the sorting of the hetero-oligomeric receptor 
within the cell. Our results indicate that H2 lacks signals for 
efficient  endocytosis, but can contribute to basolateral sorting 
of the hetero-oligomeric  receptor. The ASGP receptor thus con- 
tains two separate  determinants for  specific basolateral expres- 
sion, only  one of which is related to the internalization signal. 
EXPERIMENTAL PROCEDURES 
DNA ConstructeThe cDNA encoding the major isoform of H2 (that 
contains only the cytoplasmic insertion of 18 residues; called  H2b by 
Spiess and Lodish, 1985) was used in this study. Mutation of phenyl- 
alanine 5 to  alanine was performed by site-directed mutagenesis using 
a kit from Amersham Corp. and the synthetic antisense oligonucleotide 
TATCTl'GAGCGTCClTG (the mismatched nucleotides are under- 
lined). Replacement of the  first 10 codons of H1 (along with the 5'- 
untranslated sequence) by those of H2 in the chimeric construct 
Hl(NT2) was performed by polymerase chain reaction and overlap ex- 
tension according to Ho et al. (1989). In the first reaction, the HindIII- 
BamH I cDNA fragment of H1 was used as a template. The oligonucleo- 
tide CAAGATATCCAGCAGCTGGACAAT served as a mutagenic 
primer and was used in combination with a primer in the vector se- 
quence. The resulting product and the  5' sequence of H2 up to the PvuII 
site at codon 10 were used for overlap extension using two primers 
within the flanking vector sequences. All amplified sequences were 
confirmed by  DNA sequencing. The constructs were  subcloned into the 
expression vectors p U  (Korman et al., 1987), pBamHis (a p U  deriva- 
tive with the neomycin-resistance gene  replaced by the Salmonella his 
gene;  from R. Mulligan, Whitehead Institute) or pK21 (with a cytomega- 
lovirus promotor; provided by R. Gentz, Hoffmann-La Roche, Basel, 
Switzerland). 
Cell Culture and Tkansfection-NIW3T3 fibroblasts and MDCK cells 
(strain 11)  were  grown as described (Fuhrer et al., 1991;  Wessels et al., 
1989). The fibroblast cell lines 1-7, F1(5A)-1, and 1-7-1, expressing H1, 
H1(5A), and H1 together with H2,  respectively, and  the MDCK cell lines 
M1 and Ml(5A) expressing H1 and H1(5A), respectively, have been 
described  previously (Shia and Lodish,  1989; Fuhrer et al., 1991; Wes- 
sels et al., 1989;  Geffen et al., 1993). The cDNAs  of H2 and H2(5A) in 
pBamHis were transfected into parental NIW3T3 fibroblasts, F1(5A)-1, 
1-7, M1, and Ml(5A) cells using polybrene and dimethyl sulfoxide  ac- 
cording to Kawai and Nishizawa (1984).  Clonal  cell lines resistant to  2 
mglml histidinol were isolated and screened for  expression by labeling 
with [36S]methionindcysteine and immunoprecipitation. The cDNA of 
H2 in pK21  was cotransfected with the neomycin resistance plasmid 
pSV-neo in a ratio of 1O:l  into MDCK cells. Transformants were  selected 
in the presence of 1 m g / d  G418-sulfate. The cDNA  of Hl(NT2) in p U  
was transfected into NIW3T3  cells and into fibroblasts expressing H2 
(cell line F2-9). 
Receptor Distribution and Constitutive Internalization-The distri- 
bution of Hl(NT2) between intracellular compartments and  the cell 
surface was determined by digestion of intact cells at 4 "C with protein- 
ase K (1 mg/ml in phosphate-buffered saline containing 5 m~ EDTA) for 
30  min. The reaction was terminated by adding 2 m~ phenylmethylsul- 
fonyl fluoride (Geffen et al., 1989).  Cells were lysed in gel sample buffer 
and subjected to SDS-gel electrophoresis and immunoblot analysis. Li- 
gand-independent internalization of H2,  H2(5A), and  Hl(NT2) was as- 
sayed using the surface labelinglprotease protection assay according to 
Geffen et al. (1989). 
Ligand Binding and Internalization-Asialoorosomucoid (ASOR) 
was prepared and lZSI-iodinated as described by Shia and Lodish  (1989). 
Ligand binding was performed for 2 h at 4 "C with 0-4.5 pg/ml 
['2611ASOR in Hepes-bdered saline containing 1.7 m~ CaCl, and 0.2 
mglml  cytochrome c.  Nonspecific binding was determined in the pres- 
ence of 200 pg/ml unlabeled ASOR and subtracted from total binding. 
Dissociation constants (Kd) and numbers of binding sites were deter- 
mined by Scatchard analysis (Schwartz et al., 1981). Alternatively, bind- 
ing  sites were quantified from the amount of specifically  bound ['2611A- 
SOR at a saturating concentration (3 dml). To monitor ligand 
internalization and degradation, cells  were incubated for up to 5 h at 
37  "C with 2 pg/d [lzSI]ASOR in growth medium containing 0.2  mg/ml 
cytochrome c.  f i r  washing at 4 "C,  cell-associated ligand and trichlo- 
roacetic  acid-soluble degradation products in  the medium  were assayed 
according to Goldstein and Brown  (1974). 
Polarized Surface Expression-MDCK  cell lines were  grown to con- 
fluence  on tissue culture treated  0.4-pn pore size polycarbonate filters 
in 24-mm Transwell chambers (Costar Data Packaging Corp., Cam- 
bridge, MA). Tightness of monolayers and general polarity of cell lines 
were tested as described by  Geffen et al. (1993). Binding of ligand to the 
apical or basolateral surface of cell  monolayers  was  performed with a 
concentration of 1 pg/ml [lz6I]ASOR as described above, using phos- 
phate-buffered saline containing 0.9 m~ CaCll and 0.5 m~ MgCl, 
throughout the experiment. 
Biosynthetic Labeling-% study receptor biosynthesis and pmess- 
ing, cells were labeled for 1 h at 37 "C with [36Slmethionine and 
[36Slcysteine, chased in complete  growth  medium containing a 5-fold 
excess of unlabeled cysteine and methionine for up to 6 h. Following 
lysis labeled H2 was immunoprecipitated using an H2-specific antise- 
rum (raised against a synthetic peptide corresponding to the carboxyl- 
terminal sequence of H2) and analyzed by  SDS-gel electrophoresis and 
fluorography. 
RESULTS 
Subunits H1 and H2 Are  Internalized  with Different Kinetics 
"In Fig. 1 the cytoplasmic sequence of subunit  H1  is hown in 
comparison with that of the predominant isoform of H2 (H2b, 
as defined by Spiess and Lodish,  1985).  Besides an 18-amino 
acid insertion after amino acid  22, the two sequences are highly 
homologous. Among the  first 11 residues, which contain the 
signal for rapid internalization (Geffen et al., 1993),6 residues 
are conserved and only 2 are replaced nonconservatively  (posi- 
tions 2 and 10). In place of tyrosine 5 of H1,  which is critical for 
rapid internalization, H2 contains a phenylalanine. Phenylala- 
nine can replace tyrosine 5 in  H1 without a significant reduc- 
tion in internalization rate (Geffen et al., 1993). 
'Ib analyze the ability of subunit H2 to undergo internaliza- 
tion in  the absence of H1,  H2 and the  mutant H2(5A), in which 
phenylalanine 5 was replaced by alanine, were stably ex- 
pressed in fibroblast cells. As observed  previously (Shia  and 
Lodish, 1989; Lederkremer and Lodish, 1991; Paietta et al., 
1992b), a large fraction of newly made H2 was retained in  the 
endoplasmic reticulum and degraded. However, approximately 
10% of H2 and H2(5A) were processed to the complex glyco- 
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FIG. 2. Internalization of subunit H2 in the absence of H1. 
Stable fibroblast cells expressing wild-type H2 and H2(5A), respec- 
tively,  were  surface-labeled with lZ6I-iodinated sulfosuecinimidyl-3-(4- 
hydroxypheny1)propionate at 4 "C and  incubated for up to 45 min at 
37 "C. Surface proteins were digested with proteinase K at 4 "C, and 
by SDS-gel electrophoresis and autoradiography, and quantitated by 
resistant (i.e. intracellular) receptor  was  immunoprecipitated,  analyzed 
total initially labeled  receptor  of undigested cells. The mean and stan- 
densitometric scanning. Protected receptor is expressed in percent of 
dard deviation from triplicate determinations are shown. For  compari- 
son the curves for wild-type  H1  and Hl(5A) (cell lines 1-7 and F1(5A)-1) 
are  shown with dotted  lines (Fuhrer et al., 1991). 
sylated  mature form and could be detected at the  plasma mem- 
brane by surface antibody and i251-protein A binding as well as 
surface iodination (not shown). To analyze  internalization, cells 
were surface-labeled with lZ5I-iodinated sulfosuccinimidyl-3- 
(4-hydroxypheny1)propionate at 4 "C, incubated for increasing 
times at 37 "C, and  then surface-digested a t  4 "C with protein- 
ase K. Internalized,  and  therefore protease-protected,  receptors 
were  immunoprecipitated and  analyzed by gel  electrophoresis, 
autoradiography, and densitometric quantitation (Fig. 2). H2 
was endocytosed poorly, with a rate of approximately 1.5%/min 
as judged from the 5-min time point. This rate is 4-fold lower 
than  that of H1 (6%/min) and  similar to that of H1(5A), in 
which tyrosine 5 is replaced by alanine. Consistent with  this, 
the  intracellular pool of H2 at steady state amounted to only 
10-15%. Mutation of phenylalanine 5 to alanine (H2(5A)) did 
not  further decrease the  internalization rate. Subunit  H2  thus 
appears to lack a signal for efficient endocytosis. 
Subunit H2 DMS Not  Contribute to Ligand  Internalization by 
the ASGP Receptor-% assess  the contribution of H2 for inter- 
nalization of the hetero-oligomeric receptor, we analyzed  stable 
fibroblast cell lines expressing H1 or  Hl(5A)  together  with  H2 
or H2(5A). In  all combinations,  receptor complexes were formed 
that yielded specific binding of ASOR. For the cell lines  ana- 
lyzed, the dissociation constants  ranged between 6.5 and 8.2 n~ 
(Table I). This is in close agreement  with previous determina- 
tions for the functional  receptor in HepG2 cells (Schwartz et al., 
1981). 
To analyze receptor  function in a ligand  uptake  and degra- 
dation assay, the cells  were  incubated at 37 "C with radioactive 
[i2511ASOR for up to 5 h. In Fig. 3, cell-associated [1251]ASOR 
(circles) and radioactive degradation products  released into  the 
medium (triangzes) were  quantified  and normalized with re- 
spect to surface binding sites. The  sum of these two values 
(squares) corresponds to the  cumulative  uptake of ligand  and 
proceeded linearly  after  the  first  30 min. Coexpression of the 
wild-type subunits  resulted  in  uptake of  [1251]ASOR at a rate of 
6.8 moleculedsurface binding site/h (Fig. 3A and Table  I). Mu- 
tation of phenylalanine 5 in H2 did not affect ligand  turnover 
significantly (Fig. 3B). However, mutation of tyrosine 5 in  H1 
resulted  in a 4-5-fold decrease in ligand uptake, irrespective of 
whether  this  mutant  was coexpressed with  H2  or with H2(5A) 
(Fig. 3, C and D, and Table I). This decrease is fully accounted 
for by the reduced internalization efficiency of Hl(5A) alone. 
Clearly, subunit  H2 does not compensate for the  internalization 
TABLE I 
Ligund binding  and  uptake  characteristics of fibroblast cell lines 
expressing wild-type  and  mutant receptor subunits 
Dissociation constants (Kd ) and  numbers of binding sites were deter- 
mined by Scatchard analysis of ligand binding  experiments  performed 
binding sites were determined by saturation binding of [12SIlASOR. 
in triplicates. For the low expressing cell lines F(Y+a)-2 and F(A+fh3, 
Values  were  normalized for cellular protein content. Uptake rates were 
derived from experiments like those shown in Figs. 3 and 4C and  are 
presented as internalized and  degraded ASOR moleculedsurface  bind- 
ing sit& (ASOWsbdh). 1-7-1 cells have initially been  characterized by 
Shia and  Lodish (1989). N D ,  not  determined. 
Ex ressed 
sutunits Cell lines & Binding sites Uptake rate 
nM pmoleslmg ASORlsbslh 
H 1 +  H2 1-7-1 7.3  0.42  6.8 
H 1 +  H2(5A) 
Hl(5A) + H2 
F(Y+a)-2 ND 0.11 6.5 
Hl(5A) + H2(5A) F(A+a)-l 7.9  0.37 1.2 
F(A+a)-5 8.2  0.39  1.3 
F(A+D-l 8.2 0.40 1.9 
F(A+D-3 ND 0.08  1.0 
Hl(NT2) + H2 F(l(NT2)+2)-3 6.5 0.79 1.9 
defect in  Hl(5A)  and hence does not  significantly contribute to 
ligand  internalization by the hetero-oligomeric receptor. 
The  internalization  signal of H1 is contained within  the  ami- 
no-terminal 11 residues, because deletion of residues 12-33 
does not abolish efficient endocytosis (Geffen et al., 1993). In 
addition, the sequence YQDL (residues 5-8) was shown to be 
functional as an  endocytic signal when transplanted  into  the 
cytoplasmic domain of the  transferrin receptor (Collawn et al., 
1991). We have  tested  whether  the omologous amino-terminal 
11 residues of H2 are functional in  the context of the sequence 
of H1. In  the  construct HUNT21 (Fig. 11, the  first 11 residues of 
H1 were  replaced by those of H2. This chimera, when  expressed 
alone, was  internalized as poorly as H2 or Hl(5A) (at a rate of 
approximately 1.5%/min) and accumulated to 85% on the cell 
surface (Fig. 4, A and B) .  Coexpression of Hl(NT2)  with H2 
produced receptor complexes that bound ligand with high af- 
finity (Table I). Ligand internalization, however, proceeded 
only very inefficiently (Fig. 4C  and Table I), i.e. comparable 
with  mutant receptors  lacking  tyrosine 5 (Fig. 3, C and D) .  
H2 Can Contribute to Basolateral Sorting of Hetero-oligo- 
meric ASGP Receptors in MDCK Cells--To characterize  the 
sorting behavior of H2  in polarized cells, stable MDCK  cell lines 
expressing H2  in  the absence of H1 were produced. In subcon- 
fluent cells grown on plastic, a similar fraction of newly syn- 
thesized H2 (-10%) was processed to the mature complex- 
glycosylated form as in fibroblast cell lines (Fig. 5, lanes 1-9). 
In confluent  monolayers grown on polycarbonate filters, how- 
ever, H2 was not processed to a detectable degree, but was 
completely degraded intracellularly (Fig. 5, lanes 10-12). In 
agreement  with  this observation, H2 could only be detected by 
antibody  binding on the surface of subconfluent  cells grown on 
plastic but not on filter-grown monolayers (not shown). Polar- 
ized sorting of H2 could therefore  not be analyzed in these cells. 
When subunit H 1  is expressed together  with H2, the fraction 
of H2  that exits the endoplasmic reticulum is greatly increased 
(Shia  and Lodish, 1989). This is probably due  to formation of 
hetero-oligomers. Accordingly, the contribution of H2 to sorting 
of the receptor complex was assessed by introducing H2 cDNA 
into  the MDCK cell lines  M1  and Ml(5A). In  the absence of the 
second subunit, M1 cells express wild-type H1 exclusively on the 
basolateral surface (Wessels et al., 1989), whereas  in  Ml(5A) 
cells the  mutant  Hl(5A) is localized in  an unpolarized manner 
on both  surfaces  (Geffen et al., 1993). The presence of hetero- 
oligomeric receptors  was  assayed by binding of [1251]ASOR 
from either  the apical or  the  basolateral side of filter-grown 
cells. As expected, M(Y+D cells expressing the wild-type sub- 
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FIG. 3. Ligand uptake  and degrada- 
tion by cell lines expressing combina- 
tions of wild-type and  mutant recep- 
tor subunits. The cells  were incubated at 
37 "C with 2 pdml of [12611ASOR for up to 
5 h. Cell-associated radioactive material 
(0) and degradation products released 
into the medium (A) were quantitated 
and added up to yield the cumulative li- 
gand uptake (W). The values are ex- 
pressed as ASOR molecules per surface 
binding sites. Expression of receptor sub- 
units  is indicated. A and B show values 
from  one  cell line each, whereas C and D 
represent averages of data obtained for 
two  cell lines each. Experiments were per- 
formed  twice in duplicates. 
!..I Hl+H2 n Hl + H2(!5A) 
0 i l  
ii 3oj Hl(5A) + H2 
""" 
$ "1 Hl(NT2) + H2 
E 
E 
0 1 2 3  4 5 
0 1 












0 10 20 30 E F  
Time  (min) 5 
f 
40 
- a J c  
UI 
Time (h) 
FIG. 4. Internalization of Hl(NT2), a mutant form of H1 with 
the internalization domain exchanged by the homologous  seg- 
ment of H2. A, stable fibroblast cells expressing Hl(NT2) were treated 
as described in the legend to Fig. 2. B,  steady state distribution of 
receptor proteins between the plasma membrane and intracellular com- 
partments. Cells were treated at 4 "C with proteinase K to digest sur- 
face receptors and subjected, along with untreated control cells, to 
immunoblot analysis. The fraction of the complex-glycosylated mature 
receptor resistant to  protease is indicated. Values  for A and B represent 
average * standard deviation for  two  cell ines expressing Hl(NT2) and, 
for comparison, for 1-7 cells expressing H1. Experiments were per- 
formed  twice in triplicates. C, ligand uptake and degradation by the cell 
line F(l(NT2)+2)-3 expressing Hl(NT2) together with H2. Cells  were 
treated as described  for  Fig. 3. Values of two experiments performed in 
duplicates are shown. 
units showed specific ligand binding almost exclusively on the 
basolateral surface (Fig. 6, lanes 5-8). After subtraction of the 
low background binding to parental MDCK cells, 96 2 3% of the 
binding sites were basolateral  (duplicate  determinations on 
three independent cell lines). Binding was  specific, since it was 
competed by addition of excess cold ligand. On M(A+D cell lines 
expressing H2 with H1(5A), equally polarized ASOR binding 
was observed  (Fig.  6, lanes 9-12) with 94 2 4% basolateral bind- 
ing  sites  (duplicate  determinations on two independent cell 
lines). In contrast, however,  only 43 2 6% of Hl(5A) was deter- 
mined to be basolateral by surface antibody binding in Ml(5A) 
cells  not expressing H2 (Geffen  et al., 1993). Thus, H2 is able to 
efficiently direct an unsorted mutant of H1 to the basolateral 
surface. 
Since the basolateral targeting of H1 is dependent on aro- 
matic residues (tyrosine or phenylalanine) at position 5, we 
tested whether phenylalanine 5 of H2 is  part of a basolateral 
signal by coexpressing the mutant H2(5A) with Hl(5A) in 
M(A+a) cell lines. As shown in Fig. 6 (lanes 13-16), ligand 
binding was again predominantly basolateral: 83 2 6% of the 
cell-associated ligand was  bound to the basolateral surface (du- 
plicate determinations on three independent cell lines). Phe- 
nylalanine 5 therefore does  not appear to be an essential part 
of the basolateral determinant in H2. 
DISCUSSION 
Endocytosis-Fig. 1 shows the cytoplasmic sequences of the 
subunits of the human  and rat hepatic ASGP receptors (H1/2 
and RHLU2, respectively) and of the single polypeptide  species 
that constitutes the  rat macrophage ASGP receptor (RM). H1, 
RHL1, and RM were  shown to contain signals for  endocytosis 
(Geffen et aE., 1989; Braiterman et al., 1989; Verrey et al., 1990; 
Ozaki et al., 1992) which in H1 and the macrophage ASGP 
receptor involve the conserved tyrosine 5 residue (Fuhrer et al., 
1991; Ozaki et al., 1993). The tetrapeptides  starting with this 
tyrosine fit the consensus motif aromatic residue (mostly or ) -  
X-X-large  hydrophobic  residue derived from  sequence  compari- 
son and mutational analysis of the transferrin receptor, the 
cation-independent mannose 6-phosphate receptor and lyso- 
somal  acid phosphatase (Collawn  et al., 1990, 1991; Canfield et 
al., 1991; Jadot et al., 1992; Lehmann et al., 1992). The se- 
quence YQDL of H1 was functional when inserted into the 
cytoplasmic  domain of the transferrin receptor (Collawn et al., 
1991). The sequences of H2 and of RHL2 also conform with the 
consensus, particularly since phenylalanine can functionally 
replace tyrosine 5 both in H1 and  in  the macrophage ASGP 
receptor (Geffen et al., 1993; Ozaki et al., 1993). 
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Sorting of ASGP Receptor Subunits 3281 
H2 in MDCK cells. Subconfluent MDCK 
FIG. 5. Intracellular processing of 
cells and fibroblasts expressing H2 
(M2-15 and  F2-9  cells, respectively), and 
cells grown to confluence on polycarbon- 
ate  filters were pulse-labeled for 1 h and 
chased for 0, 3, and 6 h before immuno- 
precipitation, gel electrophoresis, and 
fluorography. The positions of the high- 
mannose precursor (large arrow) and the 
complex glycosylated mature forms 
(small arrow) are indicated. The asterisk 
denotes  the primary degradation product. 
Plastic Filters 
cells F2-9  M2-15 MDCK M2-15 MDCK 
C h a s e 0 3 6 0 3 6 0 3 6 0 3 6 0 3 6  








ColdASOR: - + - +  - + - +  - + - +  - + - +  
Side:  A B A B A B A B 
Cell  lin : MDCK M(Y+f)-3 M(A+f)-56  M(A+a)-61 
1  2  3 4 5 6 7 8 9 1011 12 13141516 
FIG. 6. Polarized  ligand binding to MDCK cell lines expressing 
wild-type and mutant subunits. Filter-grown parental MDCK cells, 
M(Y+D-3 cells expressing wild-type H1 and H2, M(A+f)-56 cells express- 
ing  Hl(5A)  and H2, and M(A+a)-61  cells expressing Hl(5A) and H2(5A) 
were incubated with 1 pg/ml ['2sIlASOR with (+) or without (-) an 
excess of cold  ASOR  from the apical (A ) or basolateral side ( B  ). Average 
values of a representative experiment are shown (duplicate determina- 
tions varied by less  than 15%). 
However, our results show that  H2 is not  internalized effi- 
ciently when expressed separately  in fibroblasts (Fig. 21, sug- 
gesting  that  H2 lacks a signal for endocytosis. Alternatively, 
the difference in  internalization rate between H1  and  H2 could 
be due to differences in their oligomeric states. Using the 
chemical cross-linker difluorodinitrobenzene, H1 was shown 
previously to form oligomers even in  the absence of H2 (Shia 
and Lodish, 1989). The  same method applied to cells expressing 
H2 similarly yielded dimers and trimers of H2 (data not 
shown), suggesting  that  H1  and  H2 adopt similar oligomeric 
structures. 
In addition, subunit H2 does not detectably contribute to 
internalization of hetero-oligomeric receptor complexes (Fig. 3). 
There  is a 4-5-fold reduction  in the rate of ligand uptake  and 
degradation in cells expressing Hl(5A)  and  H2 compared with 
cells expressing both wild-type subunits.  This reduction is fully 
accounted for by the reduced internalization efficiency of 
Hl(5A) alone. Mutation of phenylalanine 5 of H2 to alanine 
does not further reduce the  internalization  rate,  neither when 
H2 is expressed separately nor in combination with  Hl(5A). 
Thus the signal for efficient internalization of hetero-oligo- 
meric ASGP receptors  resides exclusively in  subunit H1. 
In  the  cases of the  transferrin receptor and of lysosomal acid 
phosphatase,  sequences  outside the  short  stretch implicated in 
forming the signal structure (YTRF and PGYRHV, respec- 
tively)  were also found to be important for signal  activity (Gi- 
rones et al., 1991; McGraw et al., 1991; Lehmann et al., 1992). 
Such  neighboring residues may interact with the signal and 
exert a stabilizing effect on the signal structure, as suggested 
by Lehmann et al. (1992). By analogy, the sequence  context in 
H2, most conspicuously the 18-residue insertion,  might  have a 
.'+~, . 
2 3 4 5 6 7 8 9 10  11 1 2 1 3 1 4  15 
detrimental effect on a potential internalization signal near  the 
amino terminus. However, the amino-terminal 11 residues of 
H2 replacing the corresponding  segment  in H1 did not promote 
internalization beyond the level of Hl(5A) or of H2 (Fig. 4). The 
lack of signal  activity is thus not due to a direct  inhibitory effect 
of the cytoplasmic insertion. It  appears more likely that, as the 
sequences of H1  and  H2 diverged, two or more amino acid 
changes occurred in  the cytoplasmic domain of H2 of which 
each  alone (e.g. tyrosine 5 to phenylalanine) might not elimi- 
nate  the signal, but which in combination abolished the signal 
activity. 
Basolateral Sorting-It has been observed recently that  in 
several  proteins endocytosis signals (or sequences closely re- 
lated to them) can function as basolateral sorting signals in 
polarized cells (reviewed by Rodriguez-Boulan and Powell, 
1992; Mostov et al., 1992). In  the  mutant hemagglutinin HA- 
Y543 (mutation of the cytoplasmic Cys-543 to a tyrosine creates 
an  internalization signal; Lazarovits and Roth, 1988) and in 
the lysosomal glycoprotein lgp120, the  internalization signal 
appears to be the only basolateral determinant, since upon its 
elimination the proteins are sorted  predominantly to the apical 
surface (Brewer and Roth, 1991; Hunziker et al., 1991). In 
lysosomal acid phosphatase, the  internalization signal and  the 
basolateral  determinant  appear to be overlapping but distinct 
(Prill et al., 1993). In  the low density lipoprotein receptor, the 
internalization signal, which is sufficient for basolateral  sort- 
ing (at low expression), is combined with a separate basolateral 
determinant which is also localized in  the cytoplasmic domain 
(Matter et al., 1992). Basolateral sorting of endocytic mem- 
brane proteins thus may involve more than one determinant. 
We have analyzed the basolateral targeting information of 
the two subunits of the hetero-oligomeric ASGP receptor. In 
subunit  H1 of the ASGP receptor, when expressed in the ab- 
sence of H2, the endocytosis signal is necessary for specific 
basolateral expression in MDCK cells; deletion of residues 4-11 
or mutation of tyrosine 5 to alanine,  but not to phenylalanine, 
results in a nonpolarized surface appearance (Geffen et al., 
1993). The nonpolar phenotype is  either  due to a lack of apical 
sorting information or to competing weak signals for both path- 
ways. Subunit H2 could not be analyzed  independently with 
respect to polarized sorting, since for unknown reasons the 
newly synthesized  protein did not undergo maturation (Fig. 5) 
and did not reach  the plasma  membrane in polarized MDCK 
cell lines. However, when coexpressed with H1(5A), ligand 
binding  receptor complexes were detected almost exclusively on 
the basolateral  surface of filter-grown cells (Fig. 6). Subunit H2 
thus provides a sorting  determinant which is sufficient to direct 
the receptor complex to the basolateral domain. Basolateral 
expression of receptors composed of Hl(5A)  and  H2 does not 
correlate  with their ability to undergo endocytosis, since the 
same receptors do not internalize ligand efficiently in fibroblast 
cell lines. The basolateral determinant  in  H2  is largely inde- 
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3282 Sorting of ASGP Receptor Subunits 
pendent of phenylalanine 5, the residue homologous to the 
critical tyrosine in H1. Its mutation to alanine reduced baso- 
lateral specificity  only  slightly. 
It cannot be ruled out that association of H2 to core  oligomers 
of H1 or Hl(5A) induces a change in folding  or  oligomerization 
of these subunits producing a basolateral determinant not pre- 
sent only in HZ itself. Effects of folding and oligomerization 
have been  proposed to explain the sorting of different chimeric 
proteins composed  of sequences of influenza hemagglutinin and 
of vesicular stomatitis virus G protein (Thomas et al., 1993). 
More  likely, a basolateral targeting signal is present in subunit 
HZ itself. This is also consistent with results from the  rat ASGP 
receptor system (Graeve et al., 1990).  Although the major sub- 
unit  RHLl was degraded intracellularly when expressed sepa- 
rately  in MDCK cells, RHLZ was transported to the basolateral 
cell surface also in the absence of RHL1.  However, the endo- 
cytic behavior of  RHLZ alone was not analyzed. 
In summary, both subunits of the human ASGP receptor are 
required for high-affinity ligand binding. The signal for effi- 
cient endocytosis resides exclusively in H1 and functions also 
as a basolateral sorting determinant.  Subunit HZ contributes 
an additional determinant which is sufficient to target  the re- 
ceptor complex to the basolateral cell surface. In  this respect, 
the ASGP receptor is similar to the H+,K+-ATPase of gastric 
parietal cells.  Both subunits of this hetero-oligomeric protein 
were recently shown to contain sorting information for polar- 
ized delivery to the apical domain of transfected LLC-PK1 cells 
(Gottardi and Caplan, 1993). 
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